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A NEUTRON-DIFFRACTION STUDY 
OF URANYL NITRATE HEXAHYDRATE 

by 

J. C. Taylor* and M. H. Mueller 

ABSTRACT 

The crys ta l s t ructure of uranyl nitrate hexahydrate, U 0 2 ( N 0 3 ) 2 - 6 H 2 0 , 
has been determined by neutron diffraction. The crys ta ls a re orthorhombic 
with a = 13.197 ± 0.003 A, b = 8.035 ± 0.002 A, c = 11.467 ± 0.003 A, and 
belong to the space group Cmc2]. Complete neutron-diffraction data to 
29 = 105° were collected (1136 independent reflections, 25 unobservably 
small) with a neutron •wavelength of 1.065 A. The s t ructure was solved from 
the three-dimensional neutron Pat terson and Four ier syntheses and refined 
by full-matrix least squares . Separate refinements were car r ied out with 
the following three different weighting schemes; w = 1, w = | F | , and a 
scheme based on the counting s ta t is t ics . The final weighted R-factors were 
7.5, 4.5, and 3.9%, respectively, and the resul ts •were within experimental 
e r ro r of each other. 

Six oxygen atoms are bound to the uranyl grouping in its equatorial 
plane, forming an i r regula r hexagon around it. Four of these oxygens are 
from the two nonequivalent, bidentate nitrate groups, and the other two are 
reflection-equivalent, water-oxygen atoms. In the ni trate groups, the 
N-O bonds involving oxygens covalently bound to the uranium are about 
0.03 to 0.05 A longer than the N-O bonds not involved in U-O bonding; also, 
the O-N-O angles differ significantly from 120°. 

All the hydrogen atoms are involved in hydrogen bonding that can 
be divided into (a) 0( •water). ..0(v/ater) hydrogen bonds of length 2.68-2.76 A 
and (b) weaker 0(water . . .O(nitrate) hydrogen bonds of length 2.92 and 3.00 A. 
The hydrogen bond involving one ni trate oxygen atom is very bent, the 
0 - H . . . 0 angle being 144.0°. The water molecules form infinite hydrogen-
bonded sheets that are para l le l to the be plane. The observed O-H distances 
in the water molecule, when correc ted for the effects of the rmal motion, lie 
between 0.92 and 1.14 A. The water angles a re 106.9, 106.8, and 114.6°. 

*Resident Research Associate from University of New South Wales, 
Austra l ia . 



INTRODUCTION 

The c r y s t a l s t r u c t u r e of u r a n y l n i t r a t e h e x a h y d r a t e . U 0 . ( N 0 3 ) ^ - 6 H ^ 0 . 
, T,- 1 • „„i in 1Q24 bv X - r a y d i i i r a c t i o n . 

w a s f i r s t s tudied by Pau l ing and Dickinson in i'la, "V / 1 ̂  1 S x 
T h e s e a u t h o r s found the unit ce l l to be o r t h o r h o m b i c , -^*^, ^ ' " ; , \ " f ; ° " \ ' ' ' ' ' 
8.02 X 11.42 A and four m o l e c u l e s p e r unit ce l l . They b e l i e v e d the ^ P ^ " 
g roup to be C m c m ; howeve r , Sasva r i^ r e p o r t e d a p o s i t i v e p i e z o e l e c t r i c effect 
tha t sugges t ed the c r y s t a l has the a l t e r n a t i v e , n o n c e n t r i c . s p a c e g r o u p C m c 2 , . 

On the b a s i s of the in f r a red s p e c t r u m , G a t e h o u s e and C o m y n s ^ s u g -
... J i, .. ...1- ... i r r m l\A n l , l - 2NO, and Vdovenko et a l . p r o p o s e d ges t ed that the s t r u c t u r e was tU02^H2U;6J ^i>*'~'-i' <*"" '̂  

such a m o d e l in C m c 2 i f r o m X - r a y diff ract ion da ta . On the o t h e r hand . 
A l l p r e s s and Hambly ,^ a l so f rom the i n f r a r e d s p e c t r u m , c o n s i d e r e d t h e r e 
was cova len t bonding of the n i t r a t e g r o u p s . F l e m i n g and Lynton in a t w o -
d i m e n s i o n a l X - r a y study, p r o p o s e d the s t r u c t u r e [U02(N03)2(H20)2J-4H20 
but did not def in i te ly loca te the noncoord ina t ed w a t e r m o l e c u l e s . 

One of the a u t h o r s ( j . C . T . ) c o l l e c t e d n e u t r o n - d i f f r a c t i o n da t a for 
the t h r e e ax ia l p r o j e c t i o n s at Lucas He igh t s , Sydney. A u s t r a l i a , t h r o u g h the 
c o u r t e s y of M r . T. M. Sabine . A t t e m p t s to re f ine the c o o r d i n a t e s of F l e m i n g 
and Lynton by us ing t h e s e n e u t r o n da ta fai led, and d i f f e r e n c e s y n t h e s e s gave 
no c lue s as to the e r r o r s in the mode l . As a r e s u l t , t h i s w o r k w a s 
d i scon t inued . 

To r e s o l v e the c o n s i d e r a b l e doubts as to the o v e r a l l s t r u c t u r e , the 
p r e s e n t n e u t r o n - d i f f r a c t i o n study was u n d e r t a k e n wi th u s e of t he t h r e e - c i r c l e 
i n s t r u m e n t at A r g o n n e . ' Th i s n e u t r o n t e c h n i q u e w a s s e l e c t e d for t he a n a l y 
s i s for s e v e r a l r e a s o n s : The u r a n i u m a t o m d o e s not h a v e the d o m i n a n t 
s c a t t e r i n g p o w e r in n e u t r o n d i f f rac t ion that it h a s in the X - r a y c a s e , the 
hydrogen a t o m s can a l s o be loca ted , and r e s o l u t i o n is g r e a t l y i n c r e a s e d wi th 
t h r e e - d i m e n s i o n a l da ta . No p r e l i m i n a r y X - r a y s tudy w a s m a d e : it w a s con 
s i d e r e d that the s t r u c t u r e could be so lved d i r e c t l y f r o m the n e u t r o n d a t a . 
The r e s u l t s of t h i s i n v e s t i g a t i o n w e r e p r e s e n t e d o r a l l y a t t he A m e r i c a n 
C r y s t a l l o g r a p h i c A s s o c i a t i o n m e e t i n g he ld a t B o z e m a n , M o n t a n a . Ju ly 2 6 - 3 1 . 
1964. and a p a p e r h a s been a c c e p t e d by Ac ta C r y s t a l l o g r a p h i c a for p u b l i c a 
t ion. Howeve r , s ince it w a s not p o s s i b l e o r p l a n n e d to inc lude in the above 
pub l ica t ion m a n y of the i m p o r t a n t r e s u l t s and e x p e r i m e n t a l d e t a i l s o r t he 
l i s t ing of the f inal a g r e e m e n t b e t w e e n the o b s e r v e d and c a l c u l a t e d s t r u c t u r e 
f a c t o r s of the 1136 r e f l e c t i o n s , t h i s ANL r e p o r t h a s b e e n p r e p a r e d . 

It w a s b r o u g h t to our a t t e n t i o n a f t e r our w o r k had b e e n c o m p l e t e d 
and th i s ANL r e p o r t w r i t t e n tha t a r e p o r t of a t w o - d i m e n s i o n a l , n e u t r o n -
d i f f rac t ion s tudy of t h i s c o m p o u n d by M a k a r o v and M e l i k ' y a n " had j u s t a p 
p e a r e d in C h e m i c a l A b s t r a c t s ( S e p t e m b e r 14. 1964). On the b a s i s of (hkO) 
and (hOi!) F o u r i e r p r o j e c t i o n s , t h e s e a u t h o r s a c c e p t e d the c o o r d i n a t e s for 
U, N, and O p r o p o s e d by F l e m i n g and Lynton, and f r o m the n e g a t i v e a r e a s 
on t h e i r m a p s they deduced a se t of c o o r d i n a t e s for five of t he s ix h y d r o g e n 



atoms. Their coordinates were not in agreement with the ones •we had ob
tained in our three-dimensional study. The two sets of coordinates are 
compared later in the section on Hydrogen Bonding and Water Molecules. 

EXPERIMENTAL 

Large single c rys ta l s , weighing approximately 0.5 g. were readily 
obtained from slightly acidified aqueous solutions. One of these crysta ls was 
mounted on the th ree -c i r c l e neutron diffractometer at the CP-5 reactor . A 
wavelength of 1.065 A was used from a beryl l ium monochromator. Two-
theta values of 25 reflections (6 OOi, 6 hOO and 13 hkO) were obtained by 
a simultaneous 0, 29 maximization process , and a l eas t - squares analysis 
based on the program of Mueller and Heaton' led to the following values: 

a = 13.197 ± 0.003 A, 

b = 8.035 ± 0.002 A, 

c = 11.467 + 0.003 A. 

The best fit for the cell constants was obtained without the use of 
either a systematic correct ion t e r m or weight, since these were relatively 
low-angle l ines. 

Intensity-data collection was then started, each peak being step-
scanned over 6-7° 26 in 0.1° s teps. Time at each step •was controlled by a 
monitor count, with a total t ime of about 15 min for each reflection. After 
the intensity of some 200 reflections had been collected, the low ambient 
humidity caused the c rys ta l (covered lightly with grease , and enclosed in 
thin plastic sheeting) to lose water of crystal l izat ion. A new crys ta l was 
then grown (weight 870 mg) and shaped to a sphere (weight 540 mg) with a 
piece of damp filter paper. This c rys ta l was mounted on the vanadium pin 
as before and then enclosed in a thin-walled vanadium can. No loss of in
tensity from this c rys ta l was observed, even 6 months la ter . After 852 r e 
flections had been observed, a 2-month reactor shutdown occurred. The 
s t ructure 'was solved in essent ia ls during this period by using the 852 r e 
flections only. The data collection •was continued after the shutdown to 
include all reflections within a 29 of 105°, v/here the intensities were be
coming very weak. Those reflections that had "been taken •with the first 
c rys ta l were repeated with the second c rys ta l to obtain a complete set of 
data with the second c rys ta l . Of the 1136 independent rec iprocal lattice 
points in the 29 range, only 25 had unobservably small intensi t ies . The 
observed F^ and F values were placed on a near absolute scale by a com
par ison with the intensities from an MgO crys ta l of diameter 0.1555 in. 
The measured l inear-absorpt ion coefficient was 1.7 c m " ' {jdi = 0.61), giving 
about an 8% variation of the absorption factor over the 20 range. Absorption 
correc t ions were applied at a later stage of the s t ruc ture refinement (see 
section on Leas t - squa res Refinement). 



STRUCTURE ANALYSIS 

Three-dimensional Patterson Map 

The analysis was started during the shutdown period with 852 re 
flections only. A three-dimensional Patterson map was calculated bymeans 
of the MIFRI computer program'" from the F^ (hki) values. The highest 
peaks, as shown in Fig. 1, were concentrated in the section x = 0, indicating 
that many of the atoms may lie in the mir ror planes (at x = 0 and x = l /2) . 
A large peak A (O. 1/4, 1/2) (Fig. l), was consistent with the placement of 
the uranium atom at (O, l / s . 1/4) by Fleming and Lynton and was thus a 
U-U vector. Peak B (Fig. l). 1.77 A from the origin was clearly the super
position of the two U-O vectors in the (linear) uranyl group, lying in the 
mir ror plane. There were only two peaks in the Pat terson close enough to 
the origin to represent N-O distances in the nitrate groups--one in the 
zero level at C (Fig. l), 1.23 A / r o m the origin, and one in the general 
location (0.082, 0.087, O), 1.29 A from the origin. 

39362 

Fig. i. Section X = 0 of Three-dimensional 
Neutron Patterson 

p r e s e n t ' : h r i e T n i ; T : r : : , r ; ^ ' ; ; ^ ^ ^ ^ > ' / - - " - ^ ' " ^ ^ ^^^^ - " - ^e 
evidently were simiiTrlv ^ : ° ^ ^ ^ ' ^ s were found, the nitrate groups 
were loc'ated Xi r r e s p ^ c t t^Th " " ' ! " ' "^ ""^^ " ^ " ^ ' ^ " ' ' " ^ ^ ^ - ' p ^ 
(Fig. 1). which was 2 95 1 from t h " " ' ' ' ° " ' . ' " ""'T' ° ' ' ' ^ - ^ ' ° ^ D ' 
vector; this was thought to h T K " ^ " "' " ' ' ^ ' ' " ^ ' " ' ' ° '""^ '^^-'^Vl 

as tnought to be the superposition of the two U-N vectors 



F r o m the Pat terson, a model for the UO2 (N03)2 group was derived; 
the two ni trate groups were bidentate and bound to the uranium atom on 

opposite sides of the uranyl 
group (see Fig. 2). The Pat
terson also suggested that 
two reflection-equivalent 
water oxygens were coordi
nated to the uranium atom, 
completing an i r regular hexa
gon of six oxygen atoms in 
the uranyl equatorial plane 
(see Fig. 2). 

Uranyl Bonds 

U-05= 1770 

U-06 = 1749 

L 05U06=l79l' 

40554 

Fig. 2. Configuration of Uranium Atom and Nitrate Groups 

H'I 0 ' ' ^ ^ » | ^ 2 

Three Buerger mini
mum functions were calcu
lated •with the aid of the 
program of Penfold byusing 
the U-O (uranyl), U-U, and 
U-N vectors as superposition 
points. The U-U and U-O M2 

maps were then combined to give an M3 map. The minimum functions were 
somewhat smeared-out in appearance, but they supported the model already 
derived. The coordinates deduced from the Pat terson and minimum func
tions showed fair agreement with those given by Fleming and Lynton, 
except for O2 (0.48 A difference in position) and Oj (0.28 A difference), as 
shown in Table I. 

TABLE I. Comparison of Model Derived from the Pat terson and 
Minimum Functions with Those Given by Fleming and Lynton 

Atom 

U 
N - 1 
N - 2 

0-5 (uranyl) 
0- 6 (uranyl) 
0-1 (nitrate) 
0-2 (nitrate) 
0-3 (nitrate) 
0-4 (nitrate) 
0-7 (water) 

X 

0 (0)* 
0(0) 
0(0) 
0(0) 
0(0) 

1/2(1/2) 
1/2(1/2) 

0.082 (0.082) 
0.082 (0.091) 
0.185 (0.183) 

y 

0.125 (0.125)* 
0.461 (0.473) 
0.789 (0.811) 
0.037 (0.044) 
0.213 (0.179) 
0.105 (0.122) 
0.145 (0.203) 
0.374 (0.369) 
0.876 (0.863) 
0.125 (0.118) 

z 

0,250 (0.250)* 
0.147 (0.157) 
0.353 (0.339) 
0.108 (0.107) 
0.392 (0.397) 
0.111 (0.115) 
0.389 (0.380) 
0.167 (0.176) 
0.333 (0.323) 
0.250 (0.250) 

*Fleming and Lynton values shown in parentheses . 

Three-dimensional Four ier Maps 

Structure factors were calculated for the Pat terson and minimum 
function model, the U, N, and O atoms being given isotropic thermal 
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parameters of 2.0. 3.0. and 3.5 A^ respectively 
for the model was 40,7% for the 852 reflections, where 

The discrepancy factor R 

^/ Sw(Fo-'sFc) 

•v/SwFo 

s being the scale factor, and the weights, w, in this case being unity A 
three-dimensional Fourier synthesis of the neutron-scattering densi y was 
made with the calculated phase angles obtained from the above model and 
the Fo (hki) values; however, 189 Fo (hki) t e rms with small Fc (hkiij values 
were left out. In this map. the positions of the remaining water oxygen 
atoms. Os and 0 „ were apparent. The positions of the atomic centers m 
this map were determined by the peak-location program of Mueller, Clark, 
and Simonsen." When Og and O, were added to the s t ructure factor calcu
lations, R dropped to 35%. The Og and O, coordinates found were in con. 
siderable disagreement with those proposed by Fleming and Lynton, as 
shown in Table II. This fact, together with the discrepancies for O2 and O ,̂ 
mentioned in the preceding section, may have been the cause of the inability 
to solve the structure with the previous two-dimensional neutron data col
lected at Sydney, 

TABLE II, Comparison of Water-Oxygen Coordinates of Fleming 
and Lynton with Those from the Present Investigation 

Atom 

F and L O5 
P r e s e n t O7 
F and L Og ( f i r s t 

poss ib i l i ty ) 
F and L Og ( second 

poss ib i l i ty ) 
P r e s e n t O5 
F and L O, ( f i r s t 

poss ib i l i ty ) 
F and L O9 (second 

poss ib i l i ty ) 
P r e s e n t O9 

X 

0,183 
0,182 

0,208 

0.208 
0.206 

0.205 

0.205 
0.295 

y 

0.118 
0.121 

0.457 

0.457 
0.523 

0.252 

0.252 
0.253 

z 

0.250 
0.244 

0.075 

0,425 
0.427 

0.425 

0.075 
0.070 

C o m m e n t s 

0 
0.08 A away f r o m p r e s e n t O7 

-

I n c o r r e c t 

0.52 A away f r o m p r e s e n t Og 
-

I n c o r r e c t 

1.19 A away f r o m p r e s e n t O9 
-

In a further three-dimensional Four ie r synthesis (88 reflections 
omitted), the positions of the six hydrogen atoms in the asymmetr ic unit 
were apparent. Peak positions were determined as before, and with the 
hydrogen atoms included (B-^ - 3.5 A^), R dropped to 24.2%. 
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Leas t - squares Refinement 

The Four ier coordinates were now refined by the full-matrix, 
Busing-Levy, l eas t - squares program'^ on an IBM-704 machine. The re 
flections were initially given unit weight, and the z-coordinate of the uranium 
atom was not refined since the choice of "z" for the first atom in Cmc2i is 
a rb i t ra ry . The scattering factors used were: b ^ = 0.85. hj^ = 0.94 

0.577, and b H 0.378 (x 10"'^ cm). The refinement was based on F . 
Initially, the block of data with i = 2, 3, and 4 (268 reflections) was used 
to save computing t ime. After one cycle, in which the B's were not refined, 
R was 13.3%. Five more cycles, in which the B's were refined, were calcu
lated, and R dropped to 8.3%. The refinement was continued on the CDC-
3600 machine, with the FORTRAN version of the same program. '* 
Anisotropic temperature factors were now introduced, and symmetry 
relations were obtained for the /3 .. t e rms by the method of Levy.'^ At 
first, some ^^-^ values became negative. This was due to the limited amount 
of data; when the additional 584 reflections were included, the refinement 
proceeded normally. The previous R of 8.3% became 14% with these in
cluded, and this dropped to 6.7% after two more cycles. 

After the shutdown, complete data with 29 less than 105° (1136 FQ 
values) were collected on the spherical crystal ; the data obtained from the 
first c rys ta l were then discarded, and the new data were added. With the 
1136 F ' s now included. R changed from 6.7 to 8.1%; after two cycles. R was 
steady at 7.5% and the unit weight pa ramete rs had ceased to change. 

The variation of the R factor over the 29 range was then determined 
and is shown in Table Ill(a). The R's were all about 5-6%, except for the 
higher regions 80-90° (l0.3%). 90-100° (14.7%), and 100-105° (20.7%). This 
increase in R was due mainly to the counting stat ist ics since these high-
angle reflections were weak. Two further cycles were therefore calculated 

TABLE III. •Variation of 'Weighted R-factors over the 26 Range 
(a) After unit-weight refinement 
(b) After refinement with statistical weighting scheme 

26 Range 
(deg) 

0-10 
10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90-100 

100-105 

Number of Reflect ions 

2 

14 

29 
54 

84 
115 

148 
174 

2 0 4 
2 0 2 

110 

(a) 
R- fac to r 

(unit weights) 

0.366 
0.068 
0.048 
0.059 
0.058 
0.046 
0.051 
0.063 
0.103 
0.147 
0.207 

(b) 
R-£actor 

( s t a t i s t i ca l weights) 

0.474 
0.044 
0.031 
0.038 
0.037 
0.030 
0.043 
0.060 
0.077 
0.114 
0.119 



with use of only the data with 29 less than 80° (615 FQ); also, the (200) r e 
flection was omitted as it suffered from extinction. The R factor for this 
set of data dropped from 5.5 to 4.8% in the two cycles. 

The l eas t - squares , unit-weight (w, = l) coordinates were now com
pared with the coordinates obtained from Fo and F^ Four ie r maps and 
applying a backshift. The coordinates agreed well (see Appendix A. rows 1 
and 4 for each atom). A difference map. calculated to check on the model, 
was fea ture less . The peak heights in these Four ie r maps a re listed in 
Table IV and show good agreement, 

TABLE IV. Peak Heights in Observed and Calculated Four ie r Syntheses 

(a rb i t ra ry scale) 

Atom 

U 

N i 

N 2 

o, 
O 2 

O3 

O 4 

O5 

0(, 
O7 

Os 
0 , 

H, 
H 2 

H 3 

H 4 

H 5 

H 6 

Height in Observed Map 

1479 

1409 
1334 

641 
691 
699 
704 
665 
690 
620 
561 
530 

-343 
-349 
-263 
-270 
-176 
-247 

Height in Calculated Map 

1484 

1429 
1357 

635 
692 
697 
714 
669 
721 
611 
558 
528 

-340 
-355 
-258 
-285 
-179 
-247 

For the reasons given above, the scheme W2 = | F | was now used to 
reduce the effect of the higher angle reflections. Statistical weights were 
also applied by the method of Evans'^ in 
the statist ical weighting function is 

a separate refinement, in which 

nb 
[o{F)f (T+nb) sin 26' 
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where T is the total count, n is the number of steps, b is the background 
height, and a(F) is the standard deviation in | F | . The structure factors in 
the statistical-weight refinement (but not in the w, and W2 refinements) were 
corrected for absorption. The final R factors for W2 and W3 were 4.5 and 
3.9%, respectively. 

The pa ramete r s obtained with the various schemes are sho^wn in 
Appendix A, together with those from the backshift Four iers and isotropic 
least squares . The final R factors are given in Table V; the final list of 
Fo and F^ for the stat ist ical scheme is given in Appendix B. The bond 
lengths and angles with their standard e r r o r s are given in Appendixes C 
and D as calculated with the Busing, Martin, and Levy Function and E r r o r 
Program. ' The effect of the unit-cell e r r o r s on the overall standard 
e r r o r s was insignificant; these a re included only in the case of the s tat is
tical scheme. A flow sheet of the analysis is shown in Fig. 3. 

TABLE V. Final Weighted R-factors 

Amount of Data 

615 reflections 
(29 = 80° or less) 

1136 reflections 
(complete data to 
29 = 105°) 

Weighting Scheme 

Unit 

4.8% 

7.5% 

w = | F 

4.5% 

Statistical Scheme 

3.9% 

Absolute scaling with MgO crystal. 
3D Patterson and minimum 
functions. 852 fr. 

Locate UO; group NOs groups, 
_J coordinated water oxygens. 

Structure-factor calculation, 
R = 41% 

Fourier I. Locate other water 
oxygens. Structure-factor calcu
lation, R = 33% 

Two anisotropic least-squares cycles 
(852 FJ. R = 6.7% 

Five isotropic least-squares cycles. 
First cycle with 852 FQ, other four 
with I = 2-4 data only (268 FQ). 
R = 8.3% 

Fourier n. Locate hydrogens. 
Structure-factor calculation, 
R '- 24% 

Two cycles with final complete data 
to 26 ^ lOS*" (U36 FQ); R = 7.5% 

Two cycles leaving out data with 
J 25 greater than 80^ R ^ 4.9% 

Observed and calculated Fouriers 
J compared; backshift corrections 

applied and coordinates compared 
with least-squares results 

Absorption corrections applied. Two 
cycles with statistical weighting 
scheme. R = 3.9% 

Two cycles with (200) removed 
^ (extinction). R = 4.5% 

H I 

One cycle with w = |F| scheme. 
R = 4.5% 

ORFFE, error-function program. 
Bond lengths, angles, thermal cor 
rections and displacements, 
standard errors. 

Fig. 3. Flow Sheet of Analysis 
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DISCUSSION 

Uranyl Coordination 

The configuration about the uranium atom is shown in Fig. 2; all 
distances quoted in the figures and in this discussion are from the resul ts 
of the statistical weighting scheme. The uranyl group is perpendicular to 
the paper and is surrounded equatorially by an i r regular hexagon of six 
oxygen atoms, four from the two crystallographically nonequivalent ni t ra te 
groups and two from symmetry-related water-oxygen atoms, O7. 

The uranyl distances are not quite equivalent. The distance U-O5 
is 1.770 ± 0.007 A; U-O^ is 1.749 ± 0.007 A. These distances may be 
compared with the distance of 1.78 A found in the linear, symmetr ica l , 
uranyl group in rubidium uranyl n i t r a t e . " The uranyl angle of 179.1 ± 
0.5° is close to linear. This hexagonal arrangement of oxygens about the 
uranyl group is similar to the arrangements found in rubidium uranyl 
nitrate'* (a neutron diffraction study) and in sodium uranyl a c e t a t e " (an 
X-ray diffraction study). 

Nitrate Groups 

The dimensions of the nitrate groups are shown in Fig. 2. In each 
nitrate group, the N-O bonds are not equivalent; the N-O bonds involving 
coordinated oxygen atoms are 0.06 and 0.03 A longer than those involving 
the noncoordinated oxygens. 

The bond angles in the nitrate groups are also distorted from the 
ideal value of 120° by the bonding with uranium. Similar differences in 
the bond lengths and angles have been observed in the ni t ra te group in 
rubidium uranyl nitrate. '^ The N-O distances may be compared with the 
distance of 1.218 Afound by Sass et al̂ .̂ " in sodium ni t ra te , and the d is 
tance of 1.268 A found by Hamilton in lead nitrate.^ ' 

Least-squares Planes 

Since the main structural aspects of this compound consist of a 
near planar arrangement of the uranium atom, the two water oxygens O7, 
and the two nitrate groups as indicated above, it was of in teres t to apply 
a least-squares plane analysis to this configuration. Several l eas t - squares 
planes were calculated: one for each of the ni t ra te groups; one for the 
oxygen hexagon around the uranium; one for each ni trate group with U, O7, 
and O7 ; and a final plane involving all these atoms. The equations of the 
least-squares planes were calculated'by the method of Schomaker et a l . " 
and the computer program written by Norment.^^ The resul ts a re shown 
in Table VI, and the deviations of the atoms from the planes are also given. 



T A B L E VI, L e a s t - s q u a r e s P l a n e s 

P l a n e 

1 

2 

3 

4 

5 

6 

A t o m s 

Ni , Ol , O3, O 3 : {N03)j 

N2. O2. O4. 0 ; : (N03)n 

Oxygen hexagon 

(N03)i, U, O7. 0 ; 

(N03)ii , U, O7, 0 ; 

(N03)i, (N03)n . u , 07, 0 ; 

Equa t ion of P l a n e 

2.4575Y + IO.9IO6Z = 2 . 8 9 5 1 * 

3.3241Y + 10 4331Z = 3.0518 

3.1605Y + 10.5360Z = 3.0550 

2.6602Y + 10.8134Z = 2.9800 

3.4844Y + 10.3262Z = 2.9760 

3.0941Y + 10.5760Z = 3.1006 

*Y and Z a r e f r a c t i o n a l c o o r d i n a t e s . 

Dev ia t ions 
A{A) 

Atom 

Ni 

Ol 

O3 

0 ; 

N2 

O2 

O4 

0 ; 

U 

07 

0 ; 

P l a n e 1 

-0 .0101 

0.0037 

0.0032 

0.0032 

P l a n e 2 

0.0019 

-0 .0007 

-0 .0006 

-0 .0006 

P l a n e 3 

0.0520 

0.0520 

0.0522 

0.0522 

| - 0 . 0 1 2 8 | * 

-0 .1042 

-0 .1042 

P l a n e 4 

-0 .0146 

0.0313 

-0 .0196 

-0 .0196 

0.0670 

-0 .0223 

- 0 . 0 2 2 3 

P l a n e 5 

0.0060 

-0 .0238 

0.0182 

0.0182 

0.0556 

-0 .0371 

-0 .0371 

P l a n e 6 

0.0321 

0.1478 

-0 .0125 

-0 .0125 

0.0524 

0.0882 

0.0288 

0.0288 

-0 .0569 

-0 .1481 

-0 .1481 

*Not inc luded in l e a s t - s q u a r e s p l ane c a l c u l a t i o n . 

D i h e d r a l Angles 

P l a n e s 

1 and 2 

4 and 5 

Angle , 
(deg) 

6.63 

6.37 

P l a n e s 

1 and 3 

2 and 3 

Angle , 
(deg) 

5.35 

1.28 
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The nitrate groups are both very close to planar. The oxygen hexa
gon is slightly puckered around the uranium level as the mt ra te ^-rS-^^J^' 
Ol O4, and o] have significant deviations of +0.05 A^ - ^ i l e the water oxy-
g : ; s O7 and O; have significant deviations of -0.10 A. The deviaUon of the 
uranium atom from the mean hexagon plane is only -0.01 A, but t ^ - -
probably not significant; the uranium atom was not used m the calculation 
of this plane. The nitrate groups lie approximately in the plane of he 
hexagon, the dihedral angles between (N03)l and (N03)ll, and the plane of 
the hexagon being 5.35 and 1.28°, respectively. 

The whole equatorial system is bent about the O7-O; line since 
planes 4 and 5, the "halves" of the hexagon, are inclined at an angle of 
6.37° to each other. The nitrate group planes are inclined at 6.63° to each 
other. 

The sixth plane calculated comprises all the atoms in the equator 
of the uranyl group. The larger deviations of the atoms here a re a resul t 
of the bending already mentioned. 

R-factors and Weighting Schemes 

It was earl ier decided from Table III (a) that the R-factor increased 
greatly with increasing 29 when the unit weighting scheme ( w j was used. 
This suggested the statistical weighting scheme W3 and also the W2 = | F | 
scheme. From Table Ill(b) it is evident that the use of W3 has reduced the 
effect of the low counting statistics at the higher angles. The large R for 
29 < 10° in Table III (a) and (b) is due to a large extinction effect in the 
(200) reflection. The other low-angle FQ and Fc values were examined, 
and it was seen that the effect of extinction on the reflections other than 
(200) was not appreciable. The statistical and w = IFI schemes , which 
emphasize the low angle data, would be sensitive to systematic e r r o r s in 
the data such as extinction and absorption. 

The results for the three schemes are compared in Appendix A 
(positional and thermal parameters) . Table V (R-factors), Appendix C 
(bond lengths), and Appendix D (bond angles), and it can be concluded in 
this case that the three schemes led to essentially the same resu l t s , a l 
though the statistical scheme is the only one that is r igorously cor rec t . 

Thermal Parameters 

The rms radial thermal displacement for all the atoms in the asym
metric unit are shown in Table VII. These values were obtained with the 
use of the ORFFE Function and E r r o r computer p r o g r a m . " The displace
ments vary somewhat according to type of a tom--the U having the lowest 
value, Ni and N2 next, followed by the oxygens, with the hydrogens having 
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TABLE VII. Rms Radial Thermal Displacements and the rms 
Components along the Principal Axes Rj of the 

Vibration Ellipsoids 

A t o m 

U 

N i 

N2 

O l 

O2 

O3 

O4 

O5 

0 6 

O7 

Os 

0 , 

H i 

H2 

H3 

H4 

H5 

H6 

R m s R a d i a l 
0 

D i s p l a c e m e n t (A) 

0 . 2 7 0 ( 3 ) * 

0 . 2 9 5 ( 4 ) 

0 . 3 1 0 ( 4 ) 

0 , 3 7 0 ( 6 ) 

0 . 3 4 9 ( 7 ) 

0 . 3 4 3 ( 4 ) 

0 . 3 5 1 ( 4 ) 

0 . 3 6 5 ( 7 ) 

0 . 3 5 4 ( 7 ) 

0 . 3 8 8 ( 4 ) 

0 . 3 8 7 ( 5 ) 

0 . 4 0 1 ( 5 ) 

0 . 4 0 2 ( 8 ) 

0 . 4 0 8 ( 8 ) 

0 . 4 7 0 ( 8 ) 

0 . 4 5 9 ( 8 ) 

0 , 5 6 7 ( 1 2 ) 

0 , 4 9 7 ( 1 0 ) 

Di 

R i ( A ) 

0 . 1 4 4 ( 5 ) * 

0 , 1 4 6 ( 6 ) 

0 . 1 5 3 ( 6 ) 

0 . 1 6 2 ( 1 0 ) 

0 . 1 5 6 ( 1 0 ) 

0 . 1 6 3 ( 6 ) 

0 . 1 6 4 ( 6 ) 

0 . 1 3 7 ( 1 0 ) 

0 . 1 3 8 ( 1 0 ) 

0 . 1 5 5 ( 7 ) 

0 . 1 9 0 ( 7 ) 

0 . 1 8 6 ( 7 ) 

0 . 1 8 1 ( 1 0 ) 

0 . 1 7 4 ( 1 2 ) 

0 . 2 1 2 ( 1 2 ) 

0 . 2 1 1 ( 1 0 ) 

0 . 2 1 9 ( 1 3 ) 

0 . 2 4 1 ( 1 4 ) 

s p l a c e m e n t s a 

R 2 ( A ) 

0 . 1 5 9 ( 4 ) * 

0 . 1 7 8 ( 4 ) 

0 . 1 8 1 ( 5 ) 

0 . 2 3 5 ( 7 ) 

0 . 2 0 6 ( 8 ) 

0 , 1 7 1 ( 6 ) 

0 , 1 7 7 ( 6 ) 

0 . 2 0 4 ( 9 ) 

0 . 2 1 0 ( 9 ) 

0 . 1 9 4 ( 6 ) 

0 . 2 1 1 ( 7 ) 

0 . 2 2 4 ( 7 ) 

0 . 2 1 6 ( 1 1 ) 

0 , 2 3 6 ( 1 1 ) 

0 , 2 4 6 ( 1 1 ) 

0 , 2 4 4 ( 1 3 ) 

0 , 3 1 9 ( 1 4 ) 

0 . 2 7 3 ( 1 3 ) 

l o n g 

R3(A) 

0 . 1 6 4 ( 4 ) * 

0 . 1 8 5 ( 5 ) 

0 . 1 9 9 ( 5 ) 

0 . 2 3 5 ( 9 ) 

0 , 2 3 5 ( 8 ) 

0 . 2 4 9 ( 5 ) 

0 , 2 5 5 ( 6 ) 

0 . 2 6 9 ( 9 ) 

0 . 2 4 9 ( 8 ) 

0 . 2 9 9 ( 6 ) 

0 . 2 6 2 ( 7 ) 

0 . 2 7 6 ( 8 ) 

0 . 2 8 6 ( 1 1 ) 

0 . 2 8 4 ( 1 0 ) 

0 . 3 4 0 ( 1 2 ) 

0 . 3 2 7 ( 1 2 ) 

0 . 4 1 4 ( 1 6 ) 

0 . 3 3 9 ( 1 3 ) 

*Standard e r ro r s (x 10^) in parentheses . 
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the greatest displacement. The hydrogens with the smallest displacements 
• are Hj and H2, which are attached to the O7 atoms of the oxygen hexagon as 
shown in Fig. 4. There also seems to be a correlation between these radial 
displacements and the peak heights in the Fourier maps; that is , for a 
given kind of atom, the higher the rms value the lower the peak height. 
This is understandable since a higher rms value indicates a more smeared-
out distribution. 

® 

2 9 9 7 « 5 

® 

2 7 0 5 * \ ^ ^ ^ ^ 2 69: 

2 760 -® 

; i440 

172 8 > ® S i C - | 6 8 2" ® 
,164 9° ^ . * • - ( / 

o ® 

40555 
HYDROGEN Q OXYGEN 

Fi g- 4. Hydrogen Bonding 

axes o.^::z:::r:z:i::::::'^Tr'^^ - - - p̂ '-cipai 

and it n . ? y ' i e f o t e d ' t h * ' t h ™ J n ' t ' ' H " " " ' ' " ' ° " ^ '""^ '^""^ directions, 
placements along the shortesTprin 1 ' " " ' " ' ^ ' ' ^ " ' " ^ ^^ "^^ <^--
v^bration directions are more L l e s T ' " - ' - < ^ ' " ' - g '^at the maximum 
Table DC also lists the an^^. i ? l Perpendicular to the bonds. 

"> some cases K.) a : ; t r e t r d r i c T i o " : " T I " " T " " ^ " ^ ^ ^ ^^ ^ ^ ^ 
- O and N-O bonds; for the O-H b : : r ' ; h e y ? r : r m e l h a " r g ^ r . ^ " " - " ^ 



TABLE VIII. Angles in Degrees between the Principal 
Axes RJ and the a, b, and c Directions 

Atom 

U 

N, 

N2 

0, 

O2 

O3 

O4 

O5 

06 

i 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

a 

90 

90 

0 

90 

0 

90 

90 

0 

90 

90 

0 

90 

90 

0 

90 

48 

138 

87 

43 

133 

92 

90 

90 

0 

90 

90 

0 

b 

109 

19 

90 

45 

90 

135 

39 

90 

129 

147 

90 

123 

150 

90 

120 

126 

125 

125 

56 

50 

121 

107 

17 

90 

109 

19 

90 

c 

161 

109 

90 

135 

90 

135 

129 

90 

141 

57 

90 

147 

60 

90 

150 

63 

70 

145 

112 

111 

149 

163 

107 

90 

161 

109 

90 

Atom 

O7 

Os 

O9 

Hi 

H2 

H3 

H4 

H5 

H6 

i 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

a 

22 

111 

83 

27 

77 

113 

14 

104 

90 

22 

112 

89 

32 

120 

102 

32 

64 

107 

16 

104 

96 

30 

72 

113 

48 

138 

90 

b 

101 

138 

130 

104 

118 

148 

91 

94 

176 

99 

114 

155 

69 

36 

118 

102 

102 

163 

103 

122 

145 

95 

132 

138 

49 

54 

118 

c 

71 

55 

139 

112 

31 

111 

76 

15 

94 

70 

33 

115 

114 

108 

149 

119 

29 

95 

82 

36 

125 

119 

47 

123 

110 

108 

152 
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TABLE DC. Rms Components of Thermal Displacement along Bond 
Directions and Angles between Bonds and Shortest Principal Axes 

Atom 

O5 

0 6 

Ol 

O3 

O2 

O4 

H i 

H2 

H3 

H4 

H5 

H6 

Bond 

O5-U 

06-U 

Oi-N, 

O3-N1 

O2-N2 

O4-N2 

H1-O7 

H2-O7 

H3-O8 

H4-Oe 

H5-O, 

H6-0, 

Rms Component along Bond 
(A) 

0.138(10)* 

0.138(10) 

0.169(9) 

0.171(6) 

0.157(10) 

0.166(6) 

0.193(12) 

0.190(12) 

0.225(11) 

0.262(13) 

0,235(13) 

0.245(14) 

Angle 

R i 

6 

2 

16 

20 

5 

75 

76 

86 

39 

78 

43 

63 

(deg) 

R2 

16 

15 

34 

76 

32 

66 

2 7 

*Standard e r rors (x 10^) in parentheses. 

Bond distances derived from diffraction measurements a re not in 
general the true separations but must be corrected for the effects of 
thermal motion, as has been shown by Busing and Levy.^* Detailed knowl
edge of the dynamics of the system must be available for accurate c o r r e c 
tions to be applied. Busing and Levy, however, show that correct ions can 
be calculated for the case in which a lighter atom is assumed to "r ide" on 
a heavier atom to which it is strongly bound (e.g., for O-H bonds) and the 
case in which the motions are independent. When correc ted for "riding" 
motio^n, the O-H distances in the present analysis lie between 0.92 and 
1.02 A, and the difference in the uranyl bonds also pe r s i s t s when the oxy
gens are presumed to ride on the uranium. "Riding" and independent 
motion corrections are less justifiable for the other bonds; however, these 
corrections were calculated and are listed in Appendix C. 

Hydrogen Bonding and Water Molecules 

The uranyl coordination group is tied into the s t ruc ture by four 
strong and four weak hydrogen bonds, as shown in Fig, 4. The strong bonds 
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are O7-H2. ..Oj and O7-H1.. .O9, and the weak bonds O2...H3-O8 and 
O1...H5-O9 involve the noncoordinated nitrate oxygens. The water molecules 
H3-Og-H4 and H5-O9-H6 form with H1O7H2 an infinite aquo-complex sheet 
as shown in Fig. 5. The chains .. .O8-H4. ..O9-H4.. .O8-H4 in the direction of 
b and .. .H1-O7-H2.. .Og...H6-09.. .H1-O7-H2... in the direction of c. intertwine 
and form a "spider-web" network. These sheets are held together by 
hydrogen bonds only, and they lie roughly normal to the a axis. Figure 5 
also shows the "up" and "down" weaker hydrogen bonds with the nitrate 
oxygens. 

O Water 0 * " " ~ - Q ' 

O N I Urate 0 

39931 147-404 

Fig. 5. Water-molecule Sheets 

There a re two types of water molecules in the crystal , according 
to the classification of Wells. The water molecule H1-O7-H2 forms two 
strong hydrogen bonds with the water oxygens Og and O9, and one covalent 
bond to the uranium atom; it belongs in the type c(2) of Wells, The water 
molecules H3-O8-H4 and H5-O9-H5, on the other hand, have a distorted 
te t rahedral environment of hydrogen-bonded oxygen neighbors (see 
Appendix D) and are thus of t'ype (b) in Wells, The water molecules of 
type (b) have higher thermal parameters than the more tightly bound 
molecule H1-O7-H2, 

The bond-distances and angles in the •water molecules are sho^wn 
in Appendixes C and D, The thermal vibrations have a considerable effect 
on the distances, as mentioned above. The water-molecule angles are 
106.9, 106.8, and 114.6°. The 0 - H . . . 0 angles lie between 164 and 177°, 
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except for the bond 0,-H5,,.0i, which is greatly bent (144,0°) to accommo
date O1-O9-O8 angles of 81 and 140°. Similar bent-hydrogen bonds have 
been found in many hydrates including Li2S04-H20 (Ref. 26) (two hydrogen 
bonds bent by 30°) and CuS04-5H20 (Ref. 27) (one bond bent by 26 ). The 
0 - 0 - 0 angle of 84° in oxalic acid dihydrate^^ forces one hydrogen bond to 
be bent by 24°. 

The inelastic-neutron-scattering experiments of Rush" on uranyl 
nitrate gave a broad peak, due to the torsional oscillation of the water 
molecules, centered at about 450 wave numbers. The width of this peak, 
combined with an indication of splitting, suggests several different envi
ronments of the water molecules. The comparatively low frequency 
indicates that the hydrogen bonding is relatively weak. 

An initial comparison of the hydrogen coordinates of Makarov and 
Melik'yan^ (hereafter referred to as M and M) with those of the present 
investigation revealed no correlation at all. M and M did not l ist any 
coordinates other than hydrogen; we thus had to corre la te their hydrogen 
positions with the suggested water-oxygen positions of Fleming and 
Lynton (F and L), since M and M adopted the F and L model for the pos i 
tive sca t terers . This association was carr ied out by calculating 
°water (F and L)-"(M and M) distances, for the various Owater(F and L) 
positions. From the calculated distances shown in Table X, which are 
reasonable for O-H distances, it \vas concluded that: 

(a) The M and M H, and H2 were attached to the F and L O5. 

(b) The M and M H3 and H^ were attached to the F and L Og 
(first of the two alternative positions suggested by 
F and L, Table I). 

(c) The M and M H4 and H5 were attached to the F and L O, 
(again the first suggested position of F and L). 

Although the position of the F and L O5 atom is in good agreement 
with our O7 position (see Table II), the positions of the M and M Hi and H2 
are vastly different from our H, and H2 as shown in Table XI. Since the 
F and L Og and O, (first possibilities, our Table II) were shown to be in
correct in our earl ier discussion, it is not surpr is ing that the M and M Hj, 
H5, H4, and HJ hydrogen positions a re again quite different than the resul ts 
from our investigation, as shown in Table XI. The incorrec t hydrogen 
coordinates of M and M well i l lustrate the dangers inherent in basing a 
neutron-diffraction study on incorrect s t ructura l information. In our anal
ysis, we have found that the use of three-dimensional data greatly helps m 
the solution of the structure and also renders the final resul t more p rec i se . 



T A B L E X. O x y g e n - H y d r o g e n D i s t a n c e s in Model of 
M a k a r o v and M e l i k ' y a n ' 

M and M H y d r o g e n 

H, 

Hz 

H3 

Hfi 

H4 

Hs 

F and L Oxygen 

O5* 

O B * 

Og** 

Og** 

0 , * * 

O9** 

0 

D i s t a n c e (A) 

0.88 

1.30 

-

0.96 

0.80 

1.01 

*07 in p r e s e n t i n v e s t i g a t i o n . 

* * F i r s t p o s s i b i l i t y as shown in T a b l e II. 

T A B L E XI. C o m p a r i s o n of H y d r o g e n C o o r d i n a t e s R e p o r t e d by 
M a k a r o v and M e l i k ' y a n (M and M) wi th T h o s e of the 

P r e s e n t I n v e s t i g a t i o n (T and M) 

H y d r o g e n A t o m 

M and M Hi 

T and M Hi 

M and M H2 

T and M H2 

M and M H3 

M and M H4 

T and M H^ 

M and M H5 

T and M H4 

M and M H^ 

T and M H3 

x 

0,13 

0,225 

0,10 

0.225 

0.22 

0.22 

0.229 

0.20 

0.202 

0.14 

0.136 

y 

0.17 

0.174 

0.03 

0.074 

0.08 

0.18 

0.161 

0.35 

0.420 

0.42 

0.437 

z 

0.28 ] 

0.186 J 

0.24 "l 

0.303 J 

-

0.47 "1 

0 . 5 3 2 * / 

0.48 T 

0.463 J 

0.09 T 

- 0 . 0 8 2 * / 

A(A) 

1.65 

1.83 

0.73 

0.59 A 

1.97 A 

•Sh i f t ed to 1/2 - x, 1/2 - y, l / 2 + z. 
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(Oki) Fourier Projection 

Although two-dimensional projections were not used in the solution 
of the crystal structure, it was thought worthwhile to calculate such a p r o 
jection after completing the determination. The result is shown in Fig. 6 
as an (Oki) neutron Fourier that has some overlap but well i l lustrates the 
overall structure. Since this is a view in the plane of the oxygen hexagon, 
one can see a number of structural features such as: the relative or ienta
tion of the oxygen hexagon and uranyl group within the unit cell; the slight 
twist of the nitrate-group planes; the relative positions of the hydrogens; 
and the twist of Hi and H2, attached to the Oj's of the hexagon, out of the 
plane of the hexagon. 

Fig. 6. (Ok.i) Fourier Projection 

39360 

PREVIOUS PRESENTATION 

1964 A 7 ' ' ^ ? ^ ^ ' ' P''^^'^"'^'^ i" this report have been given orally at the zi^::t:::::Tfo ^̂̂^̂  ̂ --'-'̂  crystauographic^Associatio^n:; 
Crystallographica 3i ^ ' " ' ^^P^"^ ' ^ ^" condensed form in Acta 
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Final Atomic Coordinates and Thermal Pa rame te r s 
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Final Observed and Calculated Structure Factors 
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-0.9951 
-1.4077 

0.1317 

-1.3937 
- 0 . 9 9 7 " 

0.5595 

-2.7008 
-2.2594 

-4.2647 

-2.3167 
-2.8147 

-1.8699 

0.4426 

1.6001 
1.2649 

1.6748 

0.797? 
-1.7006 

-0.3949 

-0.3614 

-0.3763 
0.3717 

0.1fl3ft 
-0.004? 

1.1311 
0.4913 
0.6115 

0. 7l9fl 
1.7668 

1.3049 

-ft.4553 
0.4918 

-1.1179 
-1.3865 

".1058 

-n.1?fl2 

•".1371 

-" , "001 

-n,?7ft0 

-ft .flOftl 

" , 1 7 7 0 

-","955 

-ft,7395 

-ft,0566 

",0382 

-1,1396 

ft , fl5ft6 

1,3890 

-ft , 14"3 
ft ,3048 

ft , ft 5 3 2 

- f t , " 1 8 2 

0,0586 

-0,7903 
-0,1247 

0,2103 
ft,7865 

ft,7642 

ft,1742 
0,0864 

-ft,7436 

-0,4486 

-1,6650 
-0,4683 

-ft,1472 
-ft,7141 

-n,0503 
-1,4584 

-",1354 

-",1691 
-",3156 

-",4053 
•",3997 

-" ,3560 

ft.1866 

".1675 

ft.7646 

1.1170 
-".5947 

0,1716 
-n."5"6 

ft.1096 
ft.7847 

-1,1324 

2.7310 

3.3840 

2.5367 

4.1424 

3.0788 

5.2173 

6.8701 

5.2B49 
1.6207 

2.8285 

4.0130 
1.3000 
1.6359 

1,4997 
1.7604 

2.0243 
1.8584 

2.1295 

2.3766 

1.1702 
1.0«99 

1.7352 

2.6261 
4.0600 
3.2458 
2.7568 

8.8698 

3.0805 

4.0210 

3.3965 

1.8103 

2.1361 

1.4266 
2.0227 

1.8976 

2.3049 

9.7082 

3.7522 

4.4146 

2.8253 
6.0444 

3.0976 

4.3232 

5.0675 
2.9076 

7.3757 

4.5P63 

3.1962 

8.4847 

2.5235 

1.1670 

6.8975 

2.3567 

2.4045 



10 
1 
3 
5 
7 
9 

11 
0 
2 
4 
6 
8 

10 
1 
3 
5 
7 
9 
0 
2 
4 
6 

a 
1 
3 
5 
7 
0 
2 
4 
1 
3 
5 
7 
9 
0 
2 
4 
6 
a 
1 
3 
5 
7 
0 
2 
4 
6 
1 
3 
0 
2 
4 
6 

0 
1 
3 
1 
1 
1 
1 
2 
2 
2 
? 
7 
7 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
5 
5 
5 
5 
6 
6 
6 
1 
1 
1 
1 
1 
7 
7 
7 
7 
7 
3 
3 
3 
3 
4 
4 
4 
4 
5 
E; 

0 
0 
0 
0 

14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
16 
16 
16 
16 

1 .6650 
7.9000 
1.6790 
3.866 0 
1.4520 
1.8850 
1.4230 
1.510 0 
1.7780 
1.0100 
1.7210 
0.7760 
1.3460 
1.6020 
7.7990 
7.6680 
7.5270 
7.7110 
4.2270 
7.4510 
1 .923 0 
1.1250 
1 .7710 
0.5000 
1 .4070 
7.7740 
1 .8480 
0.7140 
1 .5310 
0.0000 
7.8470 
?.P310 
7.4300 
7.7330 
0.8320 
7.4500 
3.3160 
7.7900 
3.5740 
7.1870 
7.6640 
7.1960 
0.6700 
7.3 4R0 
0.9190 
1,8920 
1 ,6960 
3,4240 
1,3780 
0,5440 
1,3670 
0,5880 
1,6300 
0.0000 

0.2166 
2.711B 
1.7890 
3.9886 
1.3891 
2.1635 
1.5184 
1.5052 
1.4021 
0,9670 
1,5210 
1.4511 
0.7C90 
1.8586 
2.1883 
3.016? 
2.7073 
2.2a94 
4,4886 
2,42B1 
2,0384 
1,4417 
1,4713 
0,711? 
1.1627 
1.9333 
2.1605 
0,5741 
0,5447 
0,6044 
3,0059 
2,7026 
2,2757 
2.4443 
1.3915 
2.9139 
3.210? 
2.9707 
3.9594 
2.7460 
2. 71 61 
2.6728 
1.460? 
2.4630 
1.714? 
1.7274 
1.4627 
1.749? 
0.8603 
0.6374 
1.5970 
1.222ft 
1.0556 
1.140ft 

-0.1953 
-7.2935 
-1.5144 
-4.0500 
-1.3202 
-1.8570 
-1.5267 
-1.ft497 
-0,6668 
-0,8074 
-n,485B 
-0,8487 
-0,7087 
-0,1595 
0,5676 

-0,R330 
1,2277 

-1,0108 
4,1246 
0,9683 
1,7879 
1.7998 

-0.3458 
0.1075 
1.8136 
1.5449 
1.6082 

-0.1209 
-0.7356 
-0.1468 
3.0135 
7.5208 
7.791 0 
1 .fl604 
1.3583 
7.7915 
7.8691 
7.5652 
3.7975 
7.3982 

-1.1251 
-0.4931 
-1.7253 
-1.7997 
0.5446 
1.1535 
0 .4682 
0.1825 

-0,8268 
-0,6065 
1,0498 

-0,6368 
-0,0308 
0,4596 

0.101? 
-1.5737 
-1.003? 
0.005a 

-0.4964 
-1.1736 
-0.2149 
1.1109 
1.2579 
0.6587 
1.4660 
1,2045 
0,6890 

-1.8804 
-2.148? 
-2.9477 
-2.5637 
-2.0934 
1.9391 
2.2674 
1,670? 
0,6734 
1,4534 

-0,7721 
-0,6555 
-1.2U1 
-1,4921 
0,5787 
0,5004 
0,6896 

-0,4847 
1,2985 
0,3019 
l,642fl 
O.3fl90 
0,9fl09 
1,547ft 
1,5871 
1,3701 
1,4740 

-2.7551 
-2,6171 
-0,8349 
-2,1367 
-1,653? 
-1,7473 
-1,4095 
-1,7668 
C,2fll9 

-0,225ft 
-1.2359 
-I.O66O 
-1.0714 
-1.0624 

1,4484 
0,1882 

-1,1100 
-0,1226 
0,0629 

-0.7785 
-0,0954 
0,0048 
ft,3759 
0,043Q 
0,7000 

-0,6751 
ft,4370 

-0,7565 
1.1107 

-0.3482 
-ft.7703 
-ft.0784 
-0.7665 
ft.0279 

-ft.1154 
-0,3167 
ft,7997 

-ft,7112 
ft,7443 
0,3407 

-0,3125 
0,1799 
0,9863 

-ft,6944 
-ft.1589 
ft,0384 
ft,1543 

-0,7113 
-0,5595 
-0,4639 
0,1058 

-0,1807 
-fl,3854 
-ft,5649 
-ft,0571 
-0,4268 
-0,7902 
-ft,3150 
-0,7952 
0,1646 
0,7333 

-ft,3252 
0,5177 

-0,0934 
-ft,7300 
-",6348 
",5744 

-1,1400 

3,2752 
1.9829 
3.3146 
1.6561 
3.2759 
2.34 22 
3.8043 
3.4901 
3.5015 
5.9193 
3.1188 
7.1900 
4.2471 
3.6494 
2.3055 
2.2411 
2.2354 
2.3374 
1.5473 
2.9077 
2.9082 
4.6782 
3.1006 

11.0363 
8.2366 
2.6454 
2.6238 
3.6177 
2.8654 
0.0000 
2.1117 
2.0861 
2.3946 
2.5822 
6.0936 
2.3622 
1.8128 
2.0838 
1.7836 
2.5449 
2.3471 
2.8310 
9.6358 
2.7428 

73.0796 
3.4434 
3.4719 
3.7834 
3.7505 
6.8905 
3.2741 
9.4815 
2.9565 
0.0000 



48 

1 
3 
5 
0 
2 
4 
1 
3 
0 

1 
1 
1 
2 
7 
2 
3 
3 
4 

16 
16 
16 
16 
16 
16 
16 
16 
16 

3.5530 
2.0300 
2.3400 
3.7760 
3.6100 
1.5670 
0.8090 
0,5370 
1,5540 

1,3774 
2,5088 
2,0068 
2,1430 
1,0603 
1,5513 
0,6090 
0,4027 
1,9044 

1,3635 
7,3345 
1,9870 

-0,7874 
-1,0190 
-0,9186 
-0,1743 
0.2091 

-3.7513 

-0.3113 
-1.0195 
-0.4731 
-2,0286 
-0.3476 
-1.2796 
-0.5933 
-0.3514 
-0.8201 

0.1756 
-fl.4788 
0.1332 

-0,3670 
0,5497 
0,0157 
fl,7000 
0,1343 

-0,3504 

3.6416 
2.9751 
2.7739 
3.3478 
3.6864 
3.7626 
7.1205 

12.3644 
4.1283 

AGHfEMEMT FACTORS BASED ON PAOAMETERS BEFORE CYCLE 1 

SUM(w»(n-C)»*2) IS 7.3457->001 

S0RTF(SllM(W*(n-C)»»2)/(M0-NV)) IS 

R FACTOR INCLUDINc; ZEROS 

R FACTOR OMITTINli ZEROS 

WEIGHTED R FACTOR INCLUniNG ZFROS 

WEIGHTtD R FACTOR OMITTING ZEROS 

0.2716 

NUMERATOR 

2.819579CM-002 

2.70485U8+002 

8.5706883+000 

8.5688956+000 

P E N O M I M A T O R R 

3.U2UI5IO+OO3 0.082 

3.'*2'H 510+003 0.079 

2.17579't5+002 0.039 

2.17579'*5+002 0.039 
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A p p a r e n t D i s t a n c e , 
A* 

D i s t a n c e A v e r a g e d ove r T h e r m a l Motion, in A 

Second A t o m R i d e s on F i r s t A t o m s Move Independent ly 

Weighting 
S c h e m e * * 

U-O5 

U-O3 

U-O7 

U-Ni 

N , 

N i 

O l 

O 3 

N j 

Nz 

1 

- 0 , 

- O j 

- O 3 

- O 3 

- O ; 

- O 4 

1.207(8) 
1.210(6) 
1.219(8) 

1.271(4) 
1,268(4) 
1.268(5) 

2.176(7) 
2.172(6) 
2.178(7) 

2.139(8) 
2.140(7) 
2.142(9) 

1.231(7) 
1.231(6) 
1.227(7) 

1.260(4) 
1.257(4) 
1.255(5) 

URANYL BONDS 

1.770(7) 
1.769(6) 
1,764(7) 

1,749(7) 
1.743(6) 
1,742(7) 

2,504(5) 
2,513(5) 
2.516(5) 

2,547(6) 
2,542(5) 
2.541(5) 

2,397(3) 
2.403(3) 
2.405(4) 

2.951(6) 
2,954(4) 
2,953(5) 

2.984(6) 
2,979(4) 
2,975(6) 

1,788(7) 
1,788(6) 
1,783(7) 

1.765(7) 
1.757(6) 
1.754(7) 

1.817(7) 
1.816(6) 
1.811(7) 

1.794(7) 
1.785(6) 
1.783(7) 

OTHER U-O BONDS 

2.513(5) 
2,522(5) 
2,525(5) 

2,556(6) 
2,551(5) 
2.550(5) 

2.413(3) 
2.419(3) 
2.421(4) 

U-N DISTANCE 

2,954(6) 
2,957(4) 
2,957(5) 

2.988(6) 
2,983(4) 
2,979(6) 

2.532(5) 
2.540(5) 
2.543(5) 

2.574(6) 
2.569(5) 
2.567(5) 

2.433(3) 
2.437(3) 
2.439(4) 

S 

2.970(6) 
2.972(4) 
2,972(5) 

3.004(6) 
2.998(4) 
2,994(6) 

DISTANCES IN N I T R A T E GROUPS 

1.226(8) 
1,230(7) 
1,238(8) 

1,284(5) 
1,280(4) 
1.280(5) 

2.172(7) 
2.168(6) 
2.175(7) 

2,139(8) 
2,140(7) 
2,142(9) 

1.242(7) 
1.242(6) 
1.240(8) 

1.272(5) 
1.269(4) 
1.266(5) 

1,278(8) 
1,281(6) 
1.291(8) 

1.329(4) 
1,325(4) 
1,326(5) 

2,219(7) 
2.216(6) 
2,223(7) 

2.181(8) 
2.181(7) 
2,184(9) 

1.300(7) 
1,299(6) 
1.296(8) 

1.324(4) 
1,320(4) 
1,318(5) 
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A p p a r e n t D i s t a n c e 
A* 

D i s t a n c e A v e r a g e d ove r T h e r m a l Mot ion, in A 

Second Atom R i d e s on F i r s t A t o m s Move Independen t ly 

Weight ing 
S c h e m e * * 

Oi-O^ 

0 , - 0 ^ 

0 , - H , 

O7-H2 

0 , - H , 

0 , - H s 

0 , - H 6 

0, -0e 

Os-H; 

Og-O, 

0 , - H , 

2.181(7) 
2.178(6) 
2.171(7) 

2.133(8) 
2,127(6) 
2.126(8) 

0.974(12) 
0,964(9) 
0.977(13) 

0,970(13) 
0,973(10) 
0,966(14) 

0,977(11) 
0,961(9) 
0,974(12) 

0,932(15) 
0.939(14) 
0.927(18) 

0.947(15) 
0.947(13) 
0.940(17) 

0.872(17) 
0.898(15) 
0,904(21) 

2.705(9) 
2,704(7) 
2,701(9) 

1,737(11) 
1,744(9) 
1,728(12) 

2,692(9) 
2,683(7) 
2.679(10) 

1,736(11) 
1.720(9) 
1,724(13) 

2,918(6) 
2,921(5) 
2.926(6) 

1.942(9) 
1,961(8) 
1.954(10) 

2.760(10) 
2.760(9) 
2.754(11) 

1.852(12) 
1.840(11) 
1.845(15) 

2.181(7) 
2.178(6) 
2,173(7) 

2,133(8) 
2,127(6) 
2.126(8) 

WATER M O L E C U L E S 

0.975(12) 
0,968(9) 
0.980(13) 

0.982(13) 
0.982(10) 
0.975(14) 

1,008(12) 
0,989(10) 
1,003(13) 

0,957(16) 
0,958(14) 
0,944(20) 

1.022(17) 
1.009(14) 
1.008(18) 

0.924(18) 
0.933(16) 
0.939(22) 

HYDROGEN BONDS 

2.705(9) 
2.704(7) 
2.701(9) 

1,739(11) 
1.746(9) 
1.730(12) 

2.693(9) 
2.684(7) 
2.681(10) 

1.740(11) 
1.723(9) 
1.726(12) 

2,913(6) 
2,916(5) 
2,921(6) 

1,965(9) 
1.981(8) 
1.976(10) 

2.759(10) 
2,759(9) • 
2.753(11) 

1.867(12) 
1,852(11) 
1,854(14) 

2.224(7) 
2.221(6) 
2,215(7) 

2.177(8) 
2.171(6) 
2,170(8) 

1,100(12) 
1,089(9) 
1.101(14) 

1.093(13) 
1,091(9) 
1,083(15) 

1.121(12) 
1,104(10) 
1.123(13) 

1,060(16) 
1,062(14) 
1,047(19) 

1,152(16) 
1,137(13) 
1.140(18) 

1,035(18) 
1,039(16) 
1,044(22) 

2,750(9) 
2,746(7) 
2.744(9) 

1.805(11) 
1,813(9) 
1.800(12) 

2.731(9) 
2.722(7) 
2.719(10) 

1.803(11) 
1.785(9) 
1.790(12) 

2.952(6) 
2,954(5) 
2.961(6) 

2.007(9) 
2.024(8) 
2,021(10) 

2,795(10) 
2,795(9) 
2,789(11) 

1.918(11) 
1,904(11) 
1,907(14) 

1 
2 
3 

I 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 
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Bond 

0 , - 0 i 

O1-H5 

Og-O, 

Og-Hg 

Og-Ot 

0 , - 0 3 

0 , - 0 4 

0 , - 0 8 

0 , - 0 , 

A p p a r e n t D i s t a n c e , 
A» 

2.997(7) 
2.990(6) 
2.985(8) 

2,179(14) 
2,170(14) 
2,187(17) 

2,701(9) 
2,709(8) 
2.717(11) 

1.849(13) 
1,832(12) 
1,837(16) 

3.214(9) 
3.227(7) 
3.236(9) 

2.653(7) 
2.663(6) 
2.660(7) 

2.645(7) 
2,649(5) 
2,653(7) 

3,867(9) 
3,861(8) 
3.848(9) 

3,580(10) 
3,583(8) 
3,594(10) 

D i s t a n c e A v e r a g e d o v e r 

Second A t o m R i d e s on F i r s t 

2.992(7) 
2,986(6) 
2,980(8) 

2,210(14) 
2,194(13) 
2,213(16) 

2,704(9) 
2,711(8) 
2,719(11) 

1,876(12) 
1,851(11) 
1,855(15) 

C O N T A C T S 

3,210(9) 
3.222(7) 
3,232(9) 

2.649(7) 
2.659(6) 
2,657(7) 

2,641(7) 
2.645(6) 
2.649(7) 

3.870(9) 
3,864(8) 
3,851(9) 

3.584(10) 
3.587(8) 
3,598(10) 

The rnna l Mot ion, in A* 

A t o m s Move Independent ly 

3,031(7) 
3,025(6) 
3.020(8) 

2,251(13) 
2,237(13) 
2,256(16) 

2,735(9) 
2,744(9) 
2,752(11) 

1,922(12) 
1,899(11) 
1,904(14) 

3,245(9) 
3,258(7) 
3.267(9) 

2,691(7) 
2,699(6) 
2.697(7) 

2.686(7) 
2.688(5) 
2.692(7) 

3.887(9) 
3.880(8) 
3.867(9) 

3.602(10) 
3.605(8) 
3.616(10) 

Weighting 
S c h e m e * * 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

• S t a n d a r d e r r o r s {x 10^) a p p e a r in p a r e n t h e s e s . 
* * S t a t i s t i c a l - s c h e m e r e s u l t s a l s o inc lude effect of u n i t - c e l l e r r o r s . 
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APPENDIX D 

Bond Angles 

Weighting Scheme: 1. Statistical scheme; 2. 
3. w = 1, 29 less than 80° 

Angle Deg. 
Weighting 
Scheme** 

O5-U-O6 

URANYL ANGLE 

179.1(5 

179.4(4) 

179,7(4) 

O6-U-O7 

O6-U-O3 

O6-U-O4 

Ofc-U-Ni 

Ot-U-N, 

Oj-U-O, 

O4-U-O, 

O5-U-O3 

O5-U-O4 

92.2(2 

92.2(2 

92.1(2 

89 
89 
89 

87 
88 
88 

88 
88 
88 

87 
87 
88 

87 
87 
87 

87 

.4(3 

.1(2 

.0(3 

.7(3 

3(2 
5(3 

7(3 
4(2 
3(3 

4(3 
9(2 
1(3) 

6(3) 

3(2) 

2(3) 

6(3) 

88.0(2) 

88 1(3) 

91.5(3) 

91 
91 

91. 
91. 
91, 

4(2) 

3(3) 

5(3) 

2(2) 
2(3) 

OTHER ANGLES A B O U T URANIUM 

1 
2 
3 

1 

2 
3 

1 
2 
3 

1 
2 
3 

1 

2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 



Angle Deg.* 
Weighting 
S c h e m e * * 

O5-U-N1 

O5-U-O1 

O5-U-O2 

92.2(3) 
92.2(2) 
92.1(3) 

91.6(3) 
91.6(2) 
91.6(3) 

93.3(3) 
93.2(2) 
93.1(3) 

91.5(3) 
91.5(2) 
91.5(3) 

W A T E R - M O L E C U L E ANGLES 

H1-O7-H2 

Ha-Oa-Hi 

H 5 - 0 , - H 6 

0 7 - H 1 . . . 0 , 

07 -H2 . . , 08 

Ofl-H,...Oz 

O 0 - H 4 . . . O 0 

106.9(5) 
108.6(5) 
108.7(7) 

106.8(9) 
105.2(8) 
105.1(10) 

114.6(12) 
114.5(12) 
112.5(14) 

HYDROGEN BOND ANGLES 

172,8(9) 
173.1(9) 
173,3(10) 

168,2(10) 
169.6(9) 
169,3(10) 

177.4(10) 
176.0(10) 
175.2(11) 

164.0(10) 
165.5(9) 
165.8(11) 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 
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Angle 

0 , - H 5 . . . 0 , 

0 , - H 6 . . . 0 8 

Deg.* 

144.0(13) 
144.3(14) 
142.0(15) 

164.9(12) 
164.8(10) 
164.1(12) 

Weight ing 
S c h e m e * * 

1 
2 
3 

1 
2 
3 

NITRATE GROUP ANGLES 

0 i - N , - 0 3 

O3-N1-O3 

04-N2-03 

O4-N2-O4 

122.7(2) 
122.4(2) 
122.3(2) 

114.6(5) 
115.1(4) 
115.4(5) 

122.2(2) 
122.2(2) 
122.1(2) 

115.6(5) 
115.6(4) 
115.8(5) 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

0 - 0 - 0 ANGLES AROUND WATER OXYGENS 

0 , - 0 , - 0 3 

O7-O8-O2 

O7-O8-O, 

O7-O8-O, 

0 , -Og-Oj 

112.5(2) 
112.6(2) 
112.7(2) 

109.7(3) 
109.8(2) 
109.5(3) 

92.2(3) 
92.2(2) 
92.0(3) 

134.4(3) 
134.7(3) 
135.1(3) 

103.0(3) 
102.9'(2) 
102.6(3) 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 
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Angle 

0 , -08 -02 

Oo-Oo-O, 

Oi-0 , -08 

O i -0 , -08 

0 7 - 0 , - 0 i 

Oj-Og-O, 

0 8 - 0 , - 0 7 

Oa-Oo-Oa 

Deg.* 

109.8(3) 
109.7(2) 
109.8(3) 

100.2(2) 
100.0(2) 
100.0(3) 

140.4(2) 
140.3(2) 
140.0(3) 

80.5(2) 
80.7(2) 
80 .9(3) 

101.2(3) 
101.3(2) 
101.6(3) 

96.9(3) 
97 .1(3) 
97.5(3) 

117.8(2) 
117.8(2) 
117.8(3) 

100.0(2) 
99.8(2) 
99.7(3) 

Weighting 
Scheme** 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 

*Standard e r r o r s (x 10) are shown in parentheses. 
**StatisticaI-scheme resul ts also include effects of unit-scale 

e r r o r s . 
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